To perform a robot-assisted surgery of a prosthesis implantation on a patient's femur, we may need to get the bone's exact perpendicular direction for the application. We can extract that information from Computed Tomography scans, using image processing.
enormous benefits, also with the introduction of imaging modalities such as CT (Computed Tomography), MRI (Magnetic Resonance Imaging), or PET (Positron Emission Tomography). These generate a huge amount of image information, allowing robot-assisted surgery [11] . A particular example of interest in the replacement of the head of the femur.
Edge detection is a fundamental tool in image processing algorithms applied to medical imaging. Among the many methods used for edge detection, many are based on firstorder derivatives (the Sobel and Canny methods, for example ([4,1]), others on second-order derivatives (such as the Laplacian of Gaussian operator [5] ), and others still on fractional order derivatives [6] . First-order derivative methods generally produce thicker edges, resulting in the loss of image details. Second-order derivatives methods have a stronger response to fine detail, but are more sensitive to noise. To solve this dilemma, fractional-order derivatives have been introduced in edge detection methods. The frequency response of fractional order derivatives may, if judiciously used, preserve low frequency contour features in smooth areas, while at the same time keep high-frequency features where greys change frequently, and also enhance medium-frequency texture details [12] . Fractional differentiation (or non-integer differentiation) dates back to Cauchy, Riemann, Liouville and Letnikov in the 19th century [13, 14] . Fractional Calculus is not only an important branch of pure Mathematics but has been applied to many disciplines, such as Chemistry, Electromagnetism, Control theory, Mechanics, or Image processing [7] . A seminal paper on the use of fractional derivatives applied to edge detection is [6] , where the CRONE operator was developed.
The aim of this paper is twofold: to use fractional derivatives, as done with the CRONE operator, to develop fractional edge detection methods, comparing their performance with traditional edge detection methods (Canny and LoG);
and to apply such edge detection methods to extract information automatically from CT scans of the femur, chosen as the test sets of images to assess performance. This paper is organised as follows: Section 2 explains the theoretical background of selected edge detectors, Section 3 explains proposed methods for edge detection based on fractional order derivatives, experimental results are given in Section 4 and in Section 5 are the conclusions and future work.
Edge detection methods
In this section, three important edge detection techniques are described: the first-order derivative based Canny method, the second-order derivative based Laplacian of Gaussian (LoG) method, and the fractional derivative based CRONE method.
Canny edge detector
The Canny operator was developed by John F. Canny in 1986 [1] . Canny's convolution filter uses a first order derivative. It smoothes the noise and tracks edges, combining a first order operator with a Gaussian filter.
Canny formulated the follow criteria in order to define a filter:
-Detection "First of all, it is important that edges occurring in images should not be missed and that there be no responses to non-edges." -Location "The second criterion is that the edge points be well localized. In other words, the distance between the edge pixels as found by the detector and the actual edge is to be at a minimum." -Unique detection "A third criterion is to have only one response to a single edge. This was implemented because the first two were not substantial enough to completely eliminate the possibility of multiples responses to an edge."
The optimal detector is described by the sum of four exponential terms, which are then approximated by the first derivative of a Gaussian function. The one dimensional Gaussian function is defined as
Here x is the dimension considered and the size of the Gaussian filter depends on parameter σ . The derivative of the Gaussian filter is
The maximum values resulting from the convolution of h ′ G (x) with the image, Im(x, y)⊗h ′ G (x, y), reveal image edges. Here the bidimensional Gaussian is
Usually, the edge obtained is not 1 pixel wide, and therefore the method uses hysteresis thresholding, which consists of 2 initial thresholds, an upper one and a lower one (normally 1/3 of the upper one). When looking for a edge, a high threshold is applied to detect possible genuine edges; then the edge direction is followed; finally, a lower threshold is applied, and this way least probable contours are also taken in consideration.
LoG edge detector
While the Canny method is focused on tracking regions where pixel intensity variation is significant by using a first derivative, in this case edges are found at the local maximums of the gradient function (in other words, at the zero-crossings of the second derivative of the intensity). In order to avoid many local maxima, the intensity function is smoothed with a Gaussian filter.
The second order derivative of the intensity is actually the Laplacian:
This equation is discretised replacing partial second order derivatives with second order finite differences. The Laplacian approximation masks are:
This operator, developed by [5] , has the advantage of being isotropic: contour amplitudes are obtained irrespective of their orientation. The convolution is given by
where
The scale of the filter is controlled by σ . The resulting contours are usually continuous, closed and slim, and therefore there is no need for thickness reduction of the obtained edge. (Marr, et al., 1980 ).
Fractional order edge detector CRONE
[6] developed the CRONE operator, which is a fractional order edge detector. Let the left-side and right-side fractional derivatives be
where α is the order of the derivative, c is a fixed point called terminal (in image processing this is usually the border of the image) and combinations of a things b at a time a n are defined using the Γ function to generalise the factorial of integer numbers to non-integer arguments [13, 14] . Operator 
Expanding terms and using Newton's binomial coefficients, we get
The two-dimensional CRONE edge detector is defined by a horizontal component a x = [a m . . . a 1 0 − a 1 . . . − a m ] and a vertical component a y = a T x . In conclusion, the CRONE edge detector is a generalisation of a derivative's definition, based upon fractional derivatives.
Fractional edge detection methods
Fractional derivatives can be introduced in several different ways; the Grünwald-Letnikoff definition, the one convenient in image processing, has been given above in (8)- (9) . Fractional derivatives have been applied in various scientific fields including image processing [15] .
In this section the three methods based upon fractional derivatives employed with medical images in this paper are introduced.
Fractional Canny operator
The fractional Canny operator is an adaptation of the algorithm described in section 2.1. The main difference is the introduction of the Gaussian fractional derivative instead of the original Gaussian integer derivative. So this means that (2) is replaced by D α h G (x), calculated using (8).
Fractional LoG operator
The fractional LoG operator is an adaptation of the algorithm described in section 2.2. The main difference is the introduction of the fractional Laplacian operator, in lieu of the original integer Laplacian operator. So the Laplacian of the Gaussian (7) is replaced using
, where D α x and D α x are calculated in the x and y directions respectively.
Fractional derivative operator
This operator is based on CRONE's edge detector defined in section 2. 
is calculated and normalised; -Optimal Otsu's threshold is applied to the image [8] ; -The automatic thinning algorithm implemented in Matlab's bwmorph function is applied.
At this point all edges provided by the operator were found.
Performance evaluation
In this section, the metrics used to evaluate the performance of different methods with the Matlab-implemented automatic femur edge detector. Visual differences between fractional operators and the traditional methods of edge detection are also presented.
Data set
For this paper 4 groups of 25 femur CT scans, labelled as Patients 1-4, were selected. Images were provided by Prof. Pedro Teodoro (personal communication). 
Validation data set
A manually delineated ground truth data set was produced, by manually editing the CT scans and highlighting them with a red contour, identifying every single femur external edge.
Metrics
Several metrics were used to evaluate image segmentation. Definitions refer to the areas identified in figure 1.
Error rates
Error rates are calculated as
False positive rate = 1 − Specificity (16) False negative rate = 1 − Sensitivity (17)
Set similarity metrics
For similarity comparison we used Jaccard similarity metric [3] , also known as the Tanimoto coefficient, and the Dice coefficient [2] . The Jaccard similarity metric for two sets is defined as the size of the intersection of the two sets divided by the size of their union:
The Dice coefficient is defined as the size of the intersection of two sets divided by their average size: 
Best possible results for every single image
The fractional Canny edge detector was tested for values of α between −2 e 2.
The fractional LoG edge detector was tested for values of α between −2 e 2 and σ = 0.5, 1, 1.5, 2.
The fractional derivative edge detector was tested for values of α between −2 e 2 and k between 1 and 4 pixels.
Values of α outside the interval considered unstabilise dynamic systems; therefore they were excluded from the study.
In the literature it is not common to use values of σ above 2, so these too were excluded.
Values of k above 4 pixels were tested but, despite the additional amount of information added, the results were not better. Figure 5 represent the best results (highest similarity coefficient J) obtained with the proposed edge detectors methods, for every image. Table 1 presents methods parameters which had the best scores for a specific patient.
4.10 Best average metric score Table 2 presents the best average edge detection method performance for every patient.
Conclusions
We have presented in this paper an automatic femur edge detection tool using two traditional operators, Canny and LoG, and three fractional derivatives operators, fractional Canny Operator, fractional LoG Operator, and fractional derivatives operator. Four sets of 25 CT scan images, corresponding to four patients, were used together with these methods, with all ground truths manually labelled.
The Canny operator was the method that provided the best average scores regarding all patient results, with a Jaccard metric of 0.961 (a Jaccard metric of 1 means total overlap between ground truth and extracted edge), a Dice coefficient of 0.979 (a Dice coefficient of 1 represents total overlap as well); a sensitivity of 0.973 (a sensitivity of 1 means that all ground truth pixels are inside the obtained contour), and a specificity of 1.0 (indicating that all non-femur pixels were excluded; the best average scores for every algorithm have a specificity of 1.0).
The results reveal the great robustness of traditional edge detection methods. These seem to be the best choice if only one method is to be generally applied to all cases; however, if we analyse results image by image, patient by patient, we verify that the best result is always obtained using a fractional edge detection method with specific parameters. The edge detection method with best results are:
-for patient 1, fractional LoG operator (60% of the cases); -for patient 2, fractional LoG operator (92% of the cases); -for patient 3, fractional LoG operator (96% of the cases); -for patient 4, fractional derivatives operator (76% of the cases).
Globally, we verify that the method with best possible scores is the fractional LoG operator (67% of the cases). It was not possible to determine some value of α able to secure the best scores for every method, for every patient.
The Fractional Derivatives operator, developed alongside the versions of the traditional methods (Canny and LoG), revealed deficiencies on images of patients 2 and 3, because the automatic threshold method was not versatile and adaptable enough to handle the features of those images.
To sum up: we no only achieved a good automatic femur extraction tool, but also concluded that fractional edge detection methods (with the correct parameters) can get better results than the operators using integer derivatives they are based upon, the Canny and LoG operators.
